The aim of the study is to identify flood events by comparing and integrating two methodologies based on different principles: the first is based on the identification of precipitation anomalies by the means of the analysis of pluviometric data, the second is focused on the analysis on remote sensed data for the detection of ground effects of flood events. Precipitation data were analysed for identifying and classifying events. MODIS archive images were classified in order to derive flood extents. This study is a preliminary stage aimed at the production of scenarios for flood events, in order to provide information in real-time in support of WFP emergency activity.
Introduction
Hydrological disasters are the ones with the highest impact, in terms of damages, victims and occurrence [Vos et al., 2008] : the provision of tools for better manage this kind of disaster is thus a priority for the scientific community. Present work is performed in the framework of the collaboration between UN World Food Programme (WFP) and ITHACA association. The WFP is the largest UN Agency and responds to more than 120 emergencies per year worldwide, with a particular focus on developing countries; the WFP Emergency Preparedness and Response Unit (OMEP), is responsible for enhancing the effectiveness and responsiveness of WFP operations at the global level, by providing normative guidance and technical support to field offices. The availability of reliable early-warning and real-time alerts is a critical element for triggering emergency operations in advance, to reduce the impact on lives and economies. In order to meet the need of gathering real-time alerts for the management of flood events, present work aims at performing a preliminary analysis for producing flood extent scenarios; the methodology is based on the identification of the correlation between meteorological events characteristics and their consequences on the ground, through the analysis of an historical archive of meteorological and remotely sensed data.
Study area
Among developing countries, Bangladesh is one of the most flood prone areas in the world; most of the country has an altitude less than 12 m above the sea level and the region is yearly subject to monsoons (from June to October), tropical storms (from March to November) and tidal bores along the coasts (http://www.hewsweb.org/_download/SHC7Dec2010.pdf). In addition, the country presents a high vulnerability to floods being the 8 th most populous (estimates from 150 to 164 million) and the 11 th most densely populated country in the world.
Materials and methods
The methodology integrates at basin scale rainfall data from gauge stations network with satellite data derived from Moderate Resolution Imaging Spectroradiometer (MODIS). First part of this section is dedicated to the description of the methodology for watershed delineation; basins are functional units and therefore represent an ideal way to subdivide the study area for flood related analysis. Secondly, the methodology for the identification of precipitation anomalies starting from rainfall data is described. Thirdly, satellite images classification process for the identification of flooded areas is detailed. The integration of the two methodologies concludes present section.
Watershed delineation
As previously mentioned, drainage basins are the adopted reference unit for all analytical process performed in present work. The choice of aggregating data and results at basin level is natural while analysing the relationship between rainfall and floods; furthermore, basin are a fundamental landscape unit for development planning and management [Verdin and Verdin and Verdin, 1999] . ]. In order to correctly distribute precipitation values to basins, it is necessary to adequate basin size to the number and distribution of the gauge stations network and, consequently, a simple threshold on hierarchical order to obtain final basins cannot be applied uniformly on the whole country. That brought to the necessity of deriving a customized watershed delineation starting from an elevation dataset having adequate resolution and accuracy parameters; a subsequent manual aggregation/disaggregation process was adopted in order to adapt basins to actual distribution of rainfall stations (Fig. 1) . For the purposes of this study, the Shuttle Radar Topography Mission (SRTM) version 3 was chosen as base elevation dataset. SRTM provides elevation data on a near-global scale, covering about 80% of land areas, from 60°N to 54°S latitudes, with a resolution of 90 m at the equator [USGS, 2011] . STRM was pre-processed in order to create depressionless elevation model by removing sinks that cause an erroneous flow-direction raster [Hickey et al., 1994; Yuan et al., 2006] . Then, watershed delineation was obtained through the application of a series of hydrological analysis steps, including the computation of flow direction, flow accumulation and stream definition. Basins were hierarchically organized by defining the hydrological dependencies, in order to consider downstream flood propagation; the final set is composed by 70 basins covering the whole Bangladesh. Furthermore, in order to consider the variability of the effects on each basin of rainfall precipitation, basins were also classified according to two criteria: type (major river beds, minor river and coastal) and percentage of irrigated areas. The first criterion should highlight cases with different main controlling factors for flood triggering, while the second will make possible to take into consideration false positives while classifying and identifying flooded areas on the basis of satellite images; in fact, particular agricultural practices (i.e. artificially flooded rice fields) may cause error of commission while classifying flooded areas on satellite images [Bouvet et al., 2009] .
Rainfall data analysis
Rainfall data come from the Flood Forecasting and Warning Centre (FFWC) measurement network of Bangladesh, under the Bangladesh Water Development Board (BWDB). Among available 54 series of historical data, collected on a daily basis period, only those covering a common time period were selected, deriving a subset of 45 stations, from 1979 to 2008. These input data were used to calculate precipitation depths for the 70 hydrographical basins from 1979 to 2008, with the inverse-distance-squared weighting method [US Army Corps of Engineers, 2000] . This method computes the precipitation hyetograph for each basin using the four nearest gauges to it, selected by calculating their distances to each basin centroid (Fig. 2) . A basic statistical analysis of these data was performed in order to evaluate the main characteristics of rainfall. The results show that, at country level, the mean annual rainfall is about 2400 mm, varying from a minimum of about 1300 mm in the West (basin 35, Fig.  1 ) to a maximum of about 6000 mm in the East (basin 42). The total annual precipitation increases gradually from West to East, reflecting the elevation trend. All stations have a modal distribution with a maximum in July; the mean rainfall value in this month is about 500 mm, ranging from a minimum of 300 mm, again in the western part (basin 37) to a maximum of 1300 mm in the eastern part (basin 24).
Extreme events identification
In order to identity extreme rainfall events, it is necessary to know the relation between the duration of rainfall, the height of precipitation and the degree of rarity of the event, in order to be able to select the precipitations that exceed a certain threshold. This relationship is commonly represented by rainfall depth-duration-frequency (DDF) curves, that allow computing the expected rainfall depth (h) for a given duration of rainfall (d) and a given probability of occurrence (P). It is current practice to express the probability of occurrence of an event by specifying its return period or return interval (T), which is the average length of time separating the event itself from the closest one having equal or greater magnitude [Maidment, 1993] . It consists in the number of years in which, meanly, an event is occurring one time only; it is the inverse of the probability (P) that the event will be exceeded in any single year [1]:
The DDF parametric curve is expressed by the formula [2]:
Where h = depth of precipitation; d = duration of precipitation (number of days); a, n = parameters function dependent on the return period T, that must be estimated. First step for estimating the DDF curves is the computation of the rainfall quantiles for each basin and each precipitation duration, analyzing the annual maximum series, which means taking for any duration only one observation (the maximum value) per year, from 1979 to 2008 in this case. For that purpose, in hydrological literature, different probability distributions are proposed for the analysis of extreme values on hydrological series [Maidment, 1993; Maione and Moisello, 2003] . In this study, three different distributions were used: 1) Gumbel Extreme Value probability distribution, also known as extreme value type I distribution; 2) Generalized Extreme Value distribution (GEV); 3) Three Parameter Lognormal distribution. Distribution parameters were estimated by applying the method of L-moments. The application of opportune statistical tests (Kolmogorov, Pearson and Anderson-Darling) allowed the identification of the best distribution, namely the one that better regularize each analyzed data series [Maione and Moisello, 2003; Laio, 2004] , used for the creation of DDF curves. The statistical distribution that best fits data is the Lognormal distribution for 62 basins, the Gumbel distribution for 5 basins and the GEV distribution for 3 basins. Applying these distributions, the DDF curves were estimated, for the return period from 2 to 100 years and for the rainfall durations from 1 to 10 days (Fig. 3) . The choice of the (Fig. 3) . The choice of the . The choice of the calculation of the curves up to 10 days is based on the fact that in Bangladesh 300 mm or more of rainfall in a 10 day period may cause floods [FFWC Flood Report, 2009] . For each basin, the entire historical series was processed comparing the cumulated values from 1 to 10 days to DDF curves; for each days of the historical series, the return period was calculated, selecting the maximum value among those obtained for different durations. In order to correlate the results of rainfall analysis with the results of the classification of satellite images (see next paragraph), extreme events were identified since year 2000 and grouped into ten days period. For this reason, for each ten days period the maximum return period occurred were determined and the associated characteristics (depth and duration of rainfall) were selected. In this way the return periods for each ten days period from year 2000 were obtained; starting form this list, the extreme events were identified, by means of selecting the rainfall having a return period higher than 2 years, in order to select larger events and exclude floods that occurred every years. 
Image classification
In order to appreciate the effects on the ground of rainfall events, the authors needed a complete archive describing the evolution of water bodies with a time frequency that could with a time frequency that could allow to appreciate their effects. In this way, whenever a flood event is detected, it can be associate to effect on the ground. To consider the needs of global availability, scale, time frequency and completeness of archive, MODIS (Moderate Resolution Imaging Spectroradiometer) derived data were selected as input dataset, in particular the authors used products MOD09GQ MYD09GQ -MODIS / Terra and Aqua Surface Reflectance [Vermote et al., 1999] [Gao, 1996] , Modified Normalized Differential NDWI [Gao, 1996] , Modified Normalized Differential [Gao, 1996] , Modified Normalized Differential , Modified Normalized Differential Water Index MNDWI [�huowei, 2007; Hui et al., 2008; Fengming et al., 2008] . [�huowei, 2007; Hui et al., 2008; Fengming et al., 2008] . At the moment there is not a procedure that can be applied globally with suitable accuracy for the analysis of water bodies and a complete archive of classification outputs is not available everywhere. For this reasons authors needed to elaborate a methodology which could be applied globally and that minimizes computation times and hardware resources. Different methodologies were tested by the authors in 3 areas: Bangladesh, Mozambique and Pakistan. Finally, a combination of those methodologies was chosen, providing the best compromise between output accuracy level and required computing and storage resources: the methodology combines NDVI indices and threshold in the IR band. In order to reduce the influence of clouds and cloud shadows, a flexible compositing technique was used, based on the counting of the number of time an area is covered by water on a daily basis. In fact, the influence of cloud cover can be minimized if a time compositing period greater than the mean persistence of cloud cover in a specific area is used; this composition time can depend on the climatic characteristics of the considered areas and on the type of the event. In the case of Bangladesh it was highlighted that 10 days period is a best compromise [Disabato, 2008; Ajmar et al., 2010] . The result of this composition, is an image containing a classification in three classes representative of the situation on the ground during the time period considered: water bodies, soil, clouds (Fig.  4) . The class cloud represents the pixels that for the whole 10 days period resulted to be covered by clouds. The available archive of MODIS MOD09GQ ad MYD09GQ was classified using this methodology for the area of Bangladesh, thus producing a complete archive of water bodies was produced for the period of 2000-2010 with a frequency of 10 days.
Data integration
In order to develop a model that, with a given intensity of rain, will be able to provide scenarios of flooded areas, a first verification of the correlation between rainfall events and floods on the ground was performed on the ten days basis and at basin scale. For the analyzed period, from 2000 to 2008, the full set of records is constituted by a data referred to 324 ten days periods. In order to better study, explain and characterize correlation results, several filtering criteria are proposed (Tab. 1): a) correlations was verified both on the basin where the event occurred (s 0 ) and on its downstream basin (s 1 ), assuming that floods are normally propagated according with the hierarchical organization of the stream network; b) ground effects were verified both in the same 10 days period of the event (t 0 ) and in the next period (t 1 ), for considering the effects of flood propagation and the fact that the event may have occurred toward the end of the considered 10 days period; c) filters was also applied on return periods (T), creating two different classes of event magnitude (T higher than 2 and 5 years); d) the percentage of basin surface covered by clouds, affecting the results of the classification of optical satellite images, where considered, selecting the cases where the percentage of the basin surface covered by clouds was less than 40%. For all the above mentioned cases the Pearson's linear correlation coefficient was calculated, in order to evaluate the cases in which correlation between rain and effects on the ground is higher. Additionally, for the cases of critical events (return time higher or equal than 2 years) and no filter on cloud cover, further analysis was performed in order to verify possible different behaviour in function of: -basin type, differentiating between major river beds, minor river and coastal basins; -percentage of irrigated surfaces, distinguishing between low (< 15% of the basin surface), moderately (15-30%) and highly (> 30%) irrigated basins. 
Results
Correlation results, grouped according the aggregation criteria explained in the previous chapter, are commented in the following paragraphs; correlation were calculated only in the case where the number of events selected for each filtering criterion is higher or equal to 3. For each criterion, Table 2 shows mean correlation values from 1 to 10 days cumulated rainfall and the total number of considered basins and events. In cases (t 0 ), correlation values increase with longer period cumulated rainfall, with in most cases a breakline at 8 or 9 days value, possibly due to the flood propagation time factor. On the contrary, in cases (t 1 ), the same behaviour is not evident. That can be explained considering that, when observing the time frame corresponding with the event, an higher number of days is necessary to reach critical cumulated rainfall; while the following time frame includes the contribution of the previous 10 days and thus, even with a shorter cumulated period, higher correlations with consequences on the ground can be observed. In cases t 0 it can also be derived that higher correlation values correspond to events with a return period (T) higher than 2 and filter on cloud coverage (0.38). In cases t 1 higher correlation values correspond to events with T higher than 5 and no filter on cloud coverage (0.36). That can be explained by the fact that, in order to obtain effect on the ground in the next 10 days period, a more intense rainfall event is necessary. At equal conditions, the filter on cloud coverage influences significantly the results, but the influence is either positive or negative. That may be explained by the reduction and the lost of significance of the sample in the case of 5 years return period events, considering the relatively shortness of the common historical time frame (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . The shortness of the common historical time frame can be considered one of the causes of the low correlation values, as few anomalies may have an high influence on overall mean values.
In order to investigate the behaviour of basin according with basin types and irrigation practices, further analysis was performed for the cases having higher correlation values in each group (Tab. 2).
Basin type
Coastal basin (included only in the first two groups as they have not a downstream basin) present higher variability in correlation values (Tab. 3); the effects of tidal bores, preventing correlation values (Tab. 3); the effects of tidal bores, preventing 3); the effects of tidal bores, preventing ); the effects of tidal bores, preventing inland flood drainage, is not negligible; Bangladesh coast, in fact, is characterized by low elevation and subject to the possibly combined effect of tides and cyclonic surges and the combined effects of tidal surges and rainfall events makes the effects on the ground less predictable. Major and minor basins seem to have similar behavior and then the identification of those two types is not relevant for the flood scenarios definition.
Percentage of irrigated surfaces
Only in the case s 0 t 0 correlation values are higher for low irrigated basins (Tab. 4). According to those results, possible commission errors while classifying flood water on MODIS images seems not to be a factor.
In t 1 cases, moderately to high irrigated basins have a good correlation for shorter rainfall cumulated period in respect to low irrigated basins; this behavior may be explained by soil saturation process, causing a faster basin response. Nevertheless, it must be considered that the dataset used for estimating the percentage of irrigated surfaces, the FAO Occurrence of irrigated areas (FGGD) dataset (http://www.fao. org/geonetwork/srv/en/metadata.show?id=14070&currTab=simple), has a low geometrical resolution (5 arc-minutes, approximately 8.5 km at Bangladesh latitude). 
Conclusion
Current work highlights the benefits of integrating rainfall data analysis with remote sensing, in order to correlate major rain events with their consequences on the ground. This study is a propaedeutic investigation in order to define cases linkable to flood scenarios, and to understand which are the factors to be taken into consideration when trying to associate rainfall with effects on the ground. In particular, spatial and temporal parameters seems to be the key factors, as higher correlation values are detected for the downstream basin, for high rainfall cumulated period (higher than 8 days) and for the time frame next to the event; those conditions seems in favour to the possibility of the system to provide scenario with a predictive capacity suitable for early-warning. In order to better consider rainfall events variability in terms of duration, a system for identifying and isolate each event and for cumulating rainfall values with a flexible time frame could improve the analysis. The subdivision in basin types brought to the consideration that coastal basin will be particularly critical for the definition of reliable scenarios. High irrigation patterns seems to have a positive effect in the correlation between rainfall and effects on the ground in the time frame next to the event. . In case of more than one image is associated with the same interval of rainfall, reduced cloud cover and greater flooded area can be used as selection criteria, in order to present the worst case scenario. In this example, the interval 250-350 mm (of cumulated rainfall in 10 days) is associated to the image of 2 nd decade of September 2004; the interval 350-450 mm is associated to the images of 2 nd decade of July 2005, where the clouds do not cover the considered basin. After having associated flood scenarios to rainfall values of the historical series, the purpose of forecasting floods could be achieved comparing the real-time rainfall values to these thresholds and selecting the flood scenario associated with the same characteristic of rainfall. This work is continuing on the creation of flood scenarios using the illustrated methodology for each basin of Bangladesh and automating and generalizing the methodology for its extension to other developing countries, with a priority to those of interest of WFP. 
